from the anode side, and alkaline electrolyzed water (AlEW) is yielded from the cathode side. AEW has been reported to eliminate Escherichia coli, Listeria monocytogenes, Salmonella typhimurium, Salmonella enteritidis and S. aureus on shell eggs and did not significantly affect albumen height or egg shell strength (Russell, 2003; Bialka et al., 2004) . On the other hand, AlEW was reported to have an antioxidative effect on highly unsaturated fat and oils and have the superoxide dismutase-like and catalase-like activities (Miyashita et al.,1999; Shirahata et al., 1997) . Additionally, eggs are usually washed in an alkaline detergent and then rinsed with a chlorine solution to reduce dirt, debris, and microbial load during commercial processing (Bialka et al., 2004) , thus the high pH of AlEW may make it a substitute for the high pH detergents used to wash eggs. Sato et al. (2000) reported that the most effective use of electrolyzed water was washing with alkaline water to remove protein and other organisms followed by sanitizing with acidic water. Park et al. (2005) also demonstrated that a combination of AlEW and AEW wash is equivalent to 200 mg/L of chlorinated water wash for reducing populations of S.enteritidis and L.monocytogenes on shell eggs. Fasenko et al. (2009) found that the ability of AEW to reduce eggshell microbial load without negatively affecting hatchability or chick quality might make it a useful product for hatching egg sanitation. However, the use of AEW has limited potential for long-term applications because of its strong acidity (pH < 2.7), which may cause the corrosion of equipment and rapidly chlorine loss due to volatilization (Guentzel et al., 2008; Cao et al., 2009 ).
Slightly acidic electrolyzed water (SAEW) is a novel disinfectant with a pH value of 5.0 _ 6.5, which is generated by electrolysis of a dilute hydrochloric acid and/or NaCl solution in a chamber without a membrane. At a pH of 5.0 _ 6.5, the effective form of chlorine compounds in SAEW is mainly the hypochlorous acid (HOCl) having strong antimicrobial activity (Cao et al., 2009; Koide et al., 2009) . With a near neutral pH, SAEW application seems promising as it minimizes human health and safety issues from Cl 2 off-gassing, reduces corrosion of surfaces and limits phototoxic side effects (Guentzel et al., 2008) . SAEW has been proved as an effective antimicrobial agent for inactivating E.coli, S.aureus and Salmonella spp in vitro (Issa-Zacharia et al., 2010) .
However, little information is available on the efficacy of SAEW to inactivate natural microflora on shell eggs. Therefore, the objective of this work was to evaluate the efficiency of SAEW to inactivate foodborne pathogens and indigenous microbiota on shell eggs and to compare the efficiency of SAEW with chlorine dioxide, AEW and NaClO solution.
Materials and Methods
Bacterial cultures Freeze-dried pure cultures of Escherichia coli O157:H7 ATCC35150 (human feces isolate) and Staphylococcus aureus ATCC6538 (raw milk isolate) were obtained from the China Veterinary Culture Collection (CVCC, Beijing, China), and the strain of Salmonella enteritidis used was SE596 (egg isolate), which was isolated by one of the authors. Each bacterium was hydrated according to manufacturer's directions and cultured in tryptic soy broth supplemented with 0.6% (w/v) yeast extract (TSBYE, CVCC, Beijing, China) at 37℃ for 24 h. Cells of each culture were separately centrifuged at 3,000×g for 10 min at 4℃ (3K15, Sigma, Germany) and the supernatants were discarded. The cell pellets were washed twice with 0.1% peptone water and then re-suspended in 10 mL of the same solution (Nan et al., 2010 solution was diluted in sterile deionized water to obtain the same ACCs with SAEW. Sodium hypochlorite (NaClO) solution was prepared by diluting 8% NaClO solution using deionized water to obtain the final different concentrations, and deionized water was used as control for this experiment.
The ACC was determined by a colorimetric method with a digital chlorine test kit (RC-3F, Kasahara Chemical Instruments
Corp., Saitama, Japan), of which the detection limit is 0 _ 300 mg/ L. The pH and oxidation-reduction potential (ORP) of different solutions were measured using a dual scale pH/ORP meter (HM-30R, DKK-TOA Corporation, Tokyo, Japan) with a pH electrode(GST-5741C) or an ORP electrode (PST-5721C). Duncan's multiple range test was used to separate means using a level of significance of P < 0.05.
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Results and Discussion
Physicochemical properties of treatment solutions The values of pH, ORP and ACC of treatment solutions are shown in to deionized water (DW), all treatment solutions reduced the population of S.enteritidis significantly (P < 0.05). The bactericidal activity of SAEW and AlEW + SAEW were significantly higher than that of CD and NaClO solution at ACCs of 80 and 100 mg/L(P < 0.05), however, no significant differences were observed between SAEW and NaClO solution at an ACC of 60 mg/L, and SAEW and AEW showed no significant sanitization difference at the same ACC. Moreover, CD and NaClO solution had no significant bactericidal difference (P > 0.05). AlEW+SAEW treatment showed markedly higher efficacy than SAEW, CD, AEW and NaClO treatment at ACCs of 60, 80 and 100 mg/L, and SAEW was more effective than CD and NaClO solution at an ACC of 100 mg/L, while no significant differences were found among SAEW, CD and NaClO solution at ACCs of 60 and 80 mg/L (P > 0.05). Furthermore, the differences of disinfection effect between SAEW and AEW, and between CD and NaClO were not significant (P > 0.05). (Fig.1c) . A significant reduction in the population of S.aureus was observed when comparing SAEW, AlEW+SAEW, CD, AEW and NaClO to DW (P < 0.05), while no significant differences were found between SAEW and AlEW+SAEW at the same concentration, nor were there any significant differences between SAEW and AEW. Moreover, no significant differences were found among SAEW, CD and NaClO solution at ACCs of 60 and 100 mg/L, and CD and NaClO showed no significant bactericidal difference (P > 0.05). However, the population of S.enteritidis, E.coli O157:H7 and S.aureus on the surface of shell eggs was only reduced by 0.80 _ 1.14 log 10 CFU/ g for DW and 0.86 _ 1.75 log 10 CFU/g for AlEW treatment. When eggs were immersed with treatment solutions, although higher reductions were obtained for all treatments, the best results were also achieved with AlEW+SAEW100 for S.enteritidis and S.aureus and AlEW+SAEW80 for E.coli O157:H7 (Fig.1 ). SAEW and AEW had similar bactericidal activities for each pathogen, and there were no significant differences among SAEW, CD and NaClO solution at an ACC of 60 mg/L (P > 0.05), but SAEW100 was statistically more effective at reducing S.enteritidis population than CD100 and NaClO100 (P < 0.05). and NaClO solution when compared with the control group. In comparison with DW, SAEW80, SAEW100, AlEW+SAEW, CD100, AEW80, AEW100 and NaClO100 reduced the population of coliforms significantly (P < 0.05), while SAEW60, CD60, CD80, AEW60, NaClO60 and NaClO80 were no more effective Values are means ± standard deviation, n = 3 a Oxidation reduction potential Fig. 1 . Reduction of S.enteritidis (a), E.coli O157:H7 (b) and S.aureus (c) after spraying or immersing shell eggs with slightly acidic electrolyzed water (SAEW), alkaline electrolyzed water followed by slightly acidic electrolyzed water (AlEW+SAEW), chlorine dioxide (CD), acidic electrolyzed water (AEW) and sodium hypochlorite (NaClO) solution at available chlorine concentrations of 60, 80 and 100 mg/L, and with deionized water (DW) and alkaline electrolyzed water (AlEW). Vertical bars represent mean ± standard deviations of mean. Bars labeled with different letters within the same application method between treatments indicate significant differences (P < 0.05). and AlEW to replace high concentration of chlorinated water for shell egg washing. The results of our study indicated that spray application was less effective than immersion. However, spraying is more easily accomplished in most situations, particularly on a farm, and is more practical than immersion (Davies et al., 1997; Cox et al., 1997) . Moreover, most eggs purchased in the shell are required to be washed and sanitized in the United States, but immersion is disallowed during washing or sanitization (Musgrove et al., 2010) .
Effect of SAEW on the natural microflora of shell eggs
In addition, our study indicated that the differences of disinfection effect between SAEW and AEW were not statistically significant, and SAEW had an equivalent or high disinfectant efficacy for shell eggs compared to NaClO solution, which agree with the findings of Cao et al. (2009) , who demonstrated that SAEW had similar bactericidal activities with AEW and NaClO solution at the same ACC. The results of a study by Zhang et al. (2011) showing that SAEW is an effective method to reduce foodborne pathogens on seeds and sprouts with less effects on the viability of seeds. Pangloli et al. (2011) suggested that application of SAEW to wash and chill lettuce and tomatoes in food service kitchens could minimize cross-contamination and reduce the risk of E.coli O157:H7 present on the produce. The results obtained Issa-Zacharia et al. (2011) and Hao et al. (2011) showed that SAEW and NaClO solution had no significant sanitization difference and SAEW could be an alternative of AEW and NaClO solution. These results indicate that SAEW with a near neutral pH may be a potential sanitizer represent an alternative to chlorine dioxide and NaClO solution used in food industry.
In conclusion, this present study demonstrated that SAEW has an equivalent or higher efficiency to reduce S.enteritidis, E.coli O157:H7, S.aureus and indigenous microbiota present on shell eggs compared to chlorine dioxide and NaClO solution, and has similar bactericidal activities with AEW at the same available chlorine concentration. The combination treatment of SAEW with AlEW had better reduction than SAEW or AlEW alone. Therefore, SAEW
shows the potential to be used for sanitization of egg shells as an environmentally friendly disinfection agent. Further studies should be elucidated to determine the levels of bacterial inoculation and the synergistic effects of combining technologies.
